− 3 ), a major nitrogen (N) source for natural plants, has been studied mostly through experimental N addition, enzymatic assay, isotope labeling, and genetic expression. However, artificial N supply may not reasonably reflect the N strategies in natural plants because NO − 3 uptake and reduction may vary with external N availability. Due to abrupt application and short operation time, field N addition, and isotopic labeling hinder the elucidation of in situ NO 
in fresh water (e.g., groundwater, stream water, precipitation), soil and sediment water, soil extracts, as well as dissolved organic N (DON) in seawater and DON bound to diatoms as described by Koba et al. (2010a) and McIlvin and Casciotti (2011) , respectively. This method has recently been used for measurements of NO − 3 in natural plants and crops (Liu et al., 2012a (Liu et al., , 2013a Laursen et al., 2013; Bloom et al., 2014; Mihailova et al., 2014 Kaiser et al., 2007) analysis of leaf NO − 3 to diagnose atmosphere-derived NO − 3 in leaf uptake (Mukotaka, 2014) .
The denitrifier method enables more precise measurements of subnanomole amounts of NO − 3 (Binnerup and Sørensen, 1992; Højberg et al., 1994 ) as compared to traditional methods that use flow injection analysis, ion chromatography, high-performance liquid chromatography, and Kjeldahl distillation. Thus, the denitrifier method overcomes the difficulties in determining NO − 3 in plant, soil, and sediment samples (Norwitz and Keliher, 1986; Anderson and Case, 1999; Alves et al., 2000) . Moreover, it greatly simplifies the pretreatment procedures and reduces the risk of contamination during plant NO − 3 isotopic analysis (see the old δ 15 N protocol in Volk et al., 1979 and Evans et al., 1996) . The denitrifier method especially avoids the influence of DOC in plant extracts (Haberhauer and Blochberger, 1999) on the δ 18 O of NO − 3 (Figure 1 ) that was previously measured as carbon monoxide with TC/EA-IRMS (Michalski, 2010) .
Compared with NRA assays, concentrations and isotopic signatures of tissue NO − 3 provide more authentic evidence related to NO − 3 uptake and reduction under in situ N availability. In vitro and in vivo NRA measurements (Stewart et al., 1992 do not reflect the in situ ability of plant NO − 3 reduction. This is because firstly, the added amount of NO − 3 (often at the micromolar level) during NRA assays is uniform. Moreover it is much higher than normal NO − 3 availability and the endogenous NO − 3 in natural plants. The synthesis of the NR enzyme or the activation of NRA, however, is substrate-inducible (Beevers and Hageman, 1969; Somers et al., 1983; Campbell, 1999) . Secondly, the reagents used in the assay can affect the estimation of NRA. Different analytical settings (e.g., with or without ethanol) can alter the fluxes of NO − 3 and photosynthate, resulting in different estimations (Ferrari and Varner, 1970; Aslam, 1981) . Thirdly, NRA might be altered by pH adjustment and vacuum infiltration during the NRA analysis. High DOC concentrations in the plant extract also easily destroy the precision of the colorimetric determination of NO − 3 or nitrite (NO − 2 ) (Alves et al., 2000) . Since natural isotope analysis does not require artificial N addition, it presents no risk of changing the soil N pools and plant N-uptake kinetics (Liu et al., 2012b) . The natural abundance approach does not disturb the N pools in plants and provides information related to the NO − 3 behavior in plant tissues based on isotopic compositions and fractionations. In fact, the field application of 15 NO − 3 tracer is advantageous in terms of the total and short-term incorporation of NO − 3 into plants (e.g., McKane et al., 2002; Wanek and Zotz, 2011) . However, the added tracer cannot bypass the influence of soil microbial activity, which can greatly change the picture of N uptake and preference over time (Harrison et al., 2007) . Measurements of cytosolic and vacuolar NO − 3 concentrations have been conducted to explore factors controlling uptake, intracellular transport and assimilation. However, related techniques such as compartmental radiotracer (e.g., 13 N; Kronzucker et al., 1995) , efflux analysis, nuclear magnetic resonance, cell fractionation, and NO − 3 -selective microelectrodes showed high cost and low field operability (Zhen et al., 1991; Miller and Smith, 1996) . The calculated [NO − 3 ] is especially sensitive to the small error of the estimation of cytosolic and vacuolar volumes, the precisions of which are difficult to ascertain.
MAJOR SOURCES AND PROCESSES OF NO − 3 IN NATURAL PLANTS
Root NO − 3 uptake from the soil is achieved by active transportation . The extracellular NO − 3 enters the cytosol of plant cells where it is either reduced by NR to NO − 2 or stored in the vacuoles (Figure 2) . The NO − 2 will be transported into plastids (in root) or chloroplasts (in leaf) and reduced further by NiR to reduced N (Figure 2) . Both NRA and NiRA are well known to be substrate-inducible, meaning that the de novo synthesis of the enzyme results from the presence and increase of the NO − 3 in plants (Beevers and Hageman, 1969; Campbell, 1999) . The induction of NRA by both soil and airborne NO − 3 is an important mechanism to elucidate the interactions among NO − 3 uptake, translocation/allocation, and reduction dynamics (Norby et al., 1989; Scheible et al., 1997a; Tischner, 2000) .
The NO − 3 transported by the xylem flow, either directly from soil or partially processed by root NR, is the initial NO − 3 reaching leaves and shoots (Peuke et al., 2013) . This is especially true for plants growing at some pristine sites (e.g., arctic tundra) where the atmospheric NO − 3 availability is negligible. However, in regions with substantial NO − 3 deposition, both atmospheric NO x and NO − 3 serve as potential sources of NO − 3 in leaves (Wellburn, 1990; Raven and Yin, 1998; Sparks et al., 2001) , especially for nonvascular plants such as mosses, which rely more on atmospheric nutrients (Liu et al., 2012c) . Leaf NO − 3 acquisition from the atmosphere is conducted through passive diffusion mechanisms wherein uptake through the stomata is dominant (Wellburn, 1990; Raven et al., 1992; Gessler et al., 2002) (Figure 2) . The leafaccessible NO − 3 in the atmosphere includes an array of inorganic and organic ions and compounds (Wellburn, 1998; Teklemariam and Sparks, 2004; Vallano and Sparks, 2008) . Although, previous tracer studies have described their incorporation into leaves (Hanson and Garten, 1992; Yoneyama et al., 2003; Lockwood et al., 2008) , it is rather difficult to apply the natural abundance method for estimating field contributions of atmospheric NO − 3 . This can be attributed to the heterogeneity in chemical and deposition forms, and temporal and spatial distributions (Sievering et al., 2007; Sparks, 2009 ).
CONCENTRATION LEVELS AND IMPLICATIONS OF NO −

IN NATURAL PLANTS
Nitrate cannot be produced in photoautotrophic plants, except in a few legumes (Hipkin et al., 2004) . The presence of NO − 3 in any part of a plant constitutes evidence of NO − 3 uptake by the plant and reflects that external NO − 3 is available; and that the rate of uptake is higher than the rate of reduction. The NO − 3 that is extractable from a plant organ is often a sum of the amounts from the extracellular pool, cytosolic pool, and vacuolar pool (Figure 2) . These pool sizes and turnover rates are regulated by both environmental and physiological factors (Zhen et al., 1991; Miller and Smith, 1996) , which determine the isotopic signatures of the extracted NO 2012; Liu et al., 2012c; Britto and Kronzucker, 2013) while the physiological factors include the affinity of plants to different soil NO − 3 levels Kalcsits and Guy, 2013) . First, the distribution of organ-specific NO − 3 concentrations among plants under different growing conditions (Figures 3, 4A) showed that plants growing in natural soils might also have a high NO − 3 accumulation. In natural forests, leaf NO − 3 concentrations of some species can be as high as 1000-10000 μg-N g −1 dw ( Figure 4A ; Gebauer et al., 1988; Koyama et al., 2013) , which was even higher than those of some crops (e.g., Bloom et al., 2014) and N-polluted natural plants (Figure 3) . Plant NO − 3 concentrations are indicators or predictors of the soil N cycle (e.g., soil nitrification and soil NO − 3 ) and forest N pollution (Stams and Schipholt, 1990; Aber et al., 1998; Fenn and Poth, 1998; Koba et al., 2003) . Such concentrations show higher sensitivities than bulk N and NRA parameters in revealing species-level responses to N enrichment (Fenn et al., 1996; Jones et al., 2008; Tang et al., 2012) . The increase in NO − 3 concentration in roots and or leaves with external NO − 3 was observed under both natural soil conditions and experimental N addition (e.g., Stewart et al., 1993; Lexa and Cheeseman, 1997; Wang and Schjoerring, 2012) . However, the level of leaf NO − 3 and its response to soil NO − 3 variation differ among species with distinct uptake or accumulation rates. For example, the NO − 3 concentrations in plants (mostly as mosses) we recently investigated (Liu et al., 2012a (Liu et al., ,c, 2013a were much lower than those reported by Gebauer et al. (1988) or Koyama et al. (2013) on vascular plants ( Figure 4A ) when compared within a similar soil [NO accumulation abilities should be done carefully when evaluating soil N enrichment or N saturation.
Second, considerable differences (up to 4-5 orders) exist in the level of NO − 3 among plant organs and species (Figures 3, 4A) . The organ-specific patterns of NO − 3 accumulation among coexisting plants can differ with soil N availability and the plant growing stage (Gebauer et al., 1984; Stewart et al., 1993; Liu et al., 2013a) . However, this has complicated the use and selection of proper organs and species to evaluate ecosystem N availability based on tissue NO (Nadelhoffer et al., 1996) . Therefore, additional studies should be conducted to determine the extent of organspecific and species-specific variability of NO Figure 4B) . Similarly, Zhen and Leigh (1990) reported that shoot NO − 3 accumulated as a linear function of bulk N in wheat plants once a threshold N was exceeded. These results reflected the regulation of overall physiological N demand on the NO − 3 utilization in natural plants (Imsande and Touraine, 1994) . The regulation might be unidirectional because the contribution of NO − 3 to bulk N assimilation appears to be much lower than that for other N forms in plants (portrayed in Figure 4B ). The complexity of the mutual regulations behind the inverse relation between NO − 3 and C/N might be comparable with the multi-scale inverse relation prevailing between NO − 3 and organic C observed in different ecosystems (Taylor and Townsend, 2010) . So far, little direct and simple evidence has been obtained for the driving mechanisms of C and N metabolism on NO − 3 uptake, allocation, and accumulation in natural plants. A clearer relation is that even when external NO − 3 is uniform, the NO − 3 concentration is often higher in organs (especially for growing leaves) of species with higher NRA than in those with lower NRA (Gebauer et al., 1988; Cruz et al., 1991; Widmann et al., 1993; Min et al., 1998) . Mutual induction between the maintenance of high NO − 3 concentration and that of NR synthesis or NRA activation were elucidated in view of C metabolism and N demand in response to availability and growing conditions Scheible et al., 1997a,b; Scheurwater et al., 2002) . The lower NO − 3 concentration and NRA might be associated with lower N metabolism and demand in organs and plants with higher C/N and vice versa. Therefore, except regulation by soil NO − 3 concentration, the uptake and distribution of NO − 3 in a plant might follow the regime of organ-specific or whole-plant metabolic activities.
Other factors such as light and water regimes might also influence plant NO − 3 accumulation through the pathway of photosynthetic regulation (Widmann et al., 1993; Simon et al., 2014) . Cárdenas-Navarro et al. (1999) found concurrent and Liu et al. (2012a; 2012c , 2013a 2013b) . Plant NO − 3 data in the right panel show organ-specific and whole-plant concentrations (averages of different species) in ecosystems of Central Europe (see details in Gebauer et al., 1988) , and leaf NO − 3 of different species (H. hirta, P. japonica, L. stellipilum, L. triloba) in a temperate forest of central Japan (Koyama et al., 2013) . (B) Relations between total N, C/N, and tissue NO − 3 concentration in natural plants. Mosses include different species in different habitats of Guiyang, Southwestern China, and Western Tokyo, Japan (cited from Liu et al., 2012a,c) . Vascular leaves I, petioles and roots were reported for a coniferous and a broadleaved plant in western Tokyo, Japan (cited from Liu et al., 2013a) . Vascular leaves II included fern, oak, and pine species at the Camp Paivika and Camp Osceola forest sites in the San Bernardino Mountains of southern California, USA (cited from Fenn et al., 1996) .
linearly correlated changes in whole-plant NO − 3 and water content during the day-night cycle, reflecting a homoeostasis effect of endogenous NO − 3 concentration. Besides, as discussed above, the heterogeneity of soil NO − 3 available to roots of coexisting species should not be excluded considering the differences in root morphology and spatial distribution. Given the difficulties in determining rhizospheric soil NO − 3 concentration and flux, it would be promising to measure NO sources and isotopic effects involved in NO − 3 acquisition and reduction processes (Robinson et al., 1998; Comstock, 2001; Evans, 2001; Cernusak et al., 2009 ). The δ 15 N of NO − 3 in soil is reported mostly within −10 to +10 ; however, the δ 15 N of newly-produced NO − 3 in soil is usually low because of strong isotopic effects of nitrification, on the other hand, the values can be elevated at sites with marked denitrification (Mariotti et al., 1981; Högberg, 1997; Koba et al., 1998 Koba et al., , 2003 Koba et al., , 2010b Houlton et al., 2006; Takebayashi et al., 2010) . Atmospheric NO − 3 has a wider δ 15 N range (−15 -+15 ) because of its complex production pathways and sources (Heaton, 1990; Felix et al., 2012; Altieri et al., 2013) . The δ 15 N of NO − 3 is generally lower in wet than in dry deposition (Heaton et al., 1997; Elliott et al., 2009) (Kendall et al., 2007; Michalski, 2010; Costa et al., 2011) (Figure 5) .
ISOTOPIC SYSTEMATICS OF NO − 3 IN PLANTS
The process of NO − 3 entry into root cells and subsequent transport processes within plants per se cause no isotope effect because of the lack of bond breakage. However, the acquisition of NO , and DON (at least amino acids)] in soil and bulk N of host plants. However, the isotopic mechanism differed from that of tissue NO − 3 and the isotope effect differed among mycorrhizal types (Högberg, 1997; Craine et al., 2009; Hobbie and Högberg, 2012) . Högberg et al. (1999) showed that the ECM fungus had higher bulk δ 15 N relative to the Pinus sylvestris plant, and the fractionation against 15 N was smaller when NO − 3 was the source than when NH + 4 . It caused a marginal decrease in δ 15 N of the N passing from the substrate through the fungus to the host, which is explained by the small size of the fungal N pool relative to the total N of the plant, i.e., the high efficiency of transfer (Emmerton et al., 2001; Hobbie and Högberg, 2012) . The significant shift in δ 15 N of fungal species was a function of fungal physiology; thus, it is difficult to constrain the N sources (using bulk δ 15 N) by mycorrhizal fungi or their plant partners in natural conditions (Emmerton et al., 2001) .
The efflux of NO − 3 from root to soil or the subsequent transport of NO − 3 within plants is not expected to discriminate 15 N as with the entry of soil NO − 3 into root cells (Mariotti et al., 1982; Shearer et al., 1991) . This can be attributed to that the diffusion of NO both N in spinach (Ledgard et al., 1985; Tcherkez and Farquhar, 2006) and O in wheat (Olleros-Izard, 1983) ( Granger et al., 2004 Granger et al., , 2010 . Isotopic enrichment also takes place for NO − 3 remaining in plants after deprivation of NO − 3 or N supply, because the tissue NO − 3 pool is only changed by the NRA in a closed system (e.g., Liu et al., 2012b) . Thus far, no experimental work has been done to explain the variability of 18 ε NR in and among vascular plants. In NO − 3 -supply studies, shoots tend to have higher δ 15 N values because of the allocation of root NRprocessed NO − 3 from roots to shoots (Kalcsits and Guy, 2013) or significantly higher 15 ε NR (by 3.3-6.9 ) than roots (Yoneyama and Kaneko, 1989; Evans et al., 1996; Yoneyama et al., 2001) .
Evidence from marine biota showed that both 15 ε NR and 18 ε NR can vary with growing conditions and that significantly different ε values exist among species (Table 1) . In field conditions, NO − 3 in an organ is more likely to be an open system with continuous source inputs (uptake), sinks (reduction), and outputs (translocation) (Figure 2) . The uptake and allocation often occur according to the reduction ability and the distribution of NR, for example, a higher concentration and more NR are likely to exist in growing leaves (Gebauer et al., 1988; Cruz et al., 1991; Widmann et al., 1993) . Passive or high accumulation as in mosses (Liu et al., 2012c) can happen in some organs such as conifer roots that are unable to reduce it (Liu et al., 2013a) . Therefore, δ values of tissue NO (Liu et al., 2012c (Liu et al., , 2013a . In fact, experimental studies have also shown the interplay of plant NO − 3 uptake and reduction activity. The 15 N discrimination during NO − 3 assimilation in several higher plants was positively correlated with the supplied and tissue NO − 3 concentrations, and negatively correlated with plant age (Kohl and Shearer, 1980; Mariotti et al., 1980 Mariotti et al., , 1982 Bergersen et al., 1988; Liu et al., 2013a) . Accordingly, the Rayleigh relation between NO − 3 and its isotopes is not always applicable to examine ε NR values and NO − 3 reduction in organs of natural plants.
For some plants, NO − 3 is not available in soil substrates. It can only be acquired from deposition (e.g., non-vascular plants or epiphytes). Alternatively, it is not available in deposition but can only be taken up from the soil (e.g., plants growing in arctic pristine ecosystems with negligible NO − 3 deposition). In these plants, it is also feasible to diagnose leaf NO Pearl Millet and soybeans 0.0-9.5 - Mariotti et al., 1980 Mariotti et al., , 1982 Bergersen et al., 1988 Red clover 1.7-6.5 - Kohl and Shearer, 1980 www.frontiersin.org Table 1 ). For scenarios that occurred, leaf uptake of atmospheric NO − 3 was assumed to be homogeneous. The shaded area, the spatial distance, and length of lines had no quantitative implications. S1-S12 correspond to scenarios 1-12 in the main text. Briefly, S1, no occurrence of NO − 3 reduction in roots; S2, (inducible) root NO − 3 reduction; S3, no NO − 3 was transported from soil to leaves and leaf NO − 3 was derived from the atmosphere, but no reduction occurred; S4, no NO − 3 was transported from soil to leaves and leaf NO − 3 was from atmosphere and (inducible) reduction occurred; S5, leaf NO − 3 was taken up directly from the soil, but no reduction occurred; S6, leaf NO − 3 was taken up from the soil and reduction occurred therein; S7, leaf NO − 3 is completely or partially transported from the root where it has experienced reduction, but no further reduction in the leaf; S8, leaf NO − 3 is completely or partially transported from the root where it has experienced reduction, and is further reduced in the leaf; S9, leaf NO − 3 was from both atmosphere and soil but no reduction occurred in the leaf; S10, leaf NO − 3 was from both atmosphere and soil, and reduction occurred in the leaf; S11, leaf NO , and reduction occurred in the leaf. The δ 18 O differences between S13 and S11, between S12 and S14 depend on the fraction of soil NO The induction of NR by atmospheric-derived NO − 3 has been shown in plants exposed to airborne N oxides (e.g., Norby et al., 1989; Wellburn, 1990) . Scenarios 3-4 are expected to be true for mosses because atmospheric NO − 3 has been assumed as the sole source (Liu et al., 2012a) . Nevertheless, isotopic partitioning of N sources (Liu et al., 2013b) and further 17 O analysis (Figure 5) suggests that moss NO accumulated directly from soil and indirectly from roots:
The reduction of NO − 3 that has experienced reduction in roots can further increase the isotopic enrichment of leaf NO − 3 relative to soil NO − 3 (Scenario 8) (Figure 6 ). This has been demonstrated by the δ 15 N difference between roots and leaves in plants growing with NO − 3 with known δ 15 N values (Yoneyama and Kaneko, 1989; Evans et al., 1996; Yoneyama et al., 2001 ). This NO 3 reduction occurs especially in plants that are capable of reducing NO − 3 in both shoots and roots (Stewart et al., 1992) .
Scenario 8: If the leaf NO − 3 is completely or partially transported from roots where it has experienced reduction; and if it is further reduced in the leaf. In this case, a partitioning similar to scenario 7 can be done by considering the leaf in the isotope mass-balance calculation:
Plant NO (Brown and Drury, 1967) . However, the NR often had the same O-to-N isotopic imprint on substrate NO − 3 in experimental studies. Consequently, the 1:1 trend was considered ubiquitous for biological NO − 3 reduction (Granger et al., 2004 (Granger et al., , 2010 . However, for leaves of vascular plants that acquire NO − 3 from both atmosphere and soil, it is difficult to constrain leaf NO − 3 reduction based only on the leaf (δ leaf − δ source ) and ε NR , because the mixing of atmospheric NO − 3 can raise the δ values (especially δ 18 O). Liu et al. (2013a) observed that the δ 18 O:δ 15 N ratios in roots of a conifer generally followed the 1:1 rule; although leaf NO − 3 showed distinctly higher δ 18 O:δ 15 N ratios (2.5:1) because of the mixing of atmospheric NO − 3 . As described above, the fraction of atmospheric-derived NO − 3 (F atm ) in leaves can be estimated using 17 O mass-balance calculation (F atm = 17 O leaf / 17 O atm < 1). Thereafter, the leaf NO − 3 sources and NR dynamics can be further constrained.
Scenario 9: If leaf NO − 3 was absorbed from both the atmosphere and soil, but no reduction occurred in the leaf, then the fraction of atmospheric-derived NO − 3 calculated using δ 18 O or δ 15 N (f atm ) is expected to be similar to F atm , as
and f atm ≈ F atm < 1.
Scenario 10: If leaf NO − 3 was absorbed from both the atmosphere and soil, and reduction occurred in the leaf, then: 
The parameters in the scenarios 9-14 (f atm , F atm , root , leaf ) above, provide theoretical constraints on possible NO sources and dynamics in aquatic environments (Tsunogai et al., 2011) . Although preliminary, the 17 O values in mosses showed clearly higher F atm than vascular plants, especially in epilithic mosses. Although, the 17 O in terricolous mosses and vascular leaf samples was as low as 0.0-2.2 , even at high NO 
UNCERTAINTIES IN TISSUE NO − 3 -ISOTOPE METHODS AND FUTURE WORKS
Although, the sampling time of plant materials can be controlled, diurnal and seasonal variations in tissue NO − 3 and its isotopes should be verified in future works. Until now, no experimental work has directly examined NR enzymatic isotope kinetics in roots and leaves of higher plants. Moreover, it is difficult to mimic in situ NR isotope effects in field conditions. Isotope effects associated with NO − 3 uptake and efflux remain unverified for roots. They were measured recently as 1-3 in growing cells of marine diatoms, and different O and N fractionations for both uptake and efflux were thought to cause the net 18 ε: 15 ε of NO − 3 assimilation above 1 (Karsh et al., 2014) . The routes of transformation and entry of inorganic and organic NO − 3 sources from the atmosphere into leaf cells and subsequent cellular actions have not been clarified, especially for non-aqueous processes. Consequently, the sources and supply rates of atmospheric NO transportation and translocation, although the sampling methods of xylem flow are mostly destructive and in-twig NO − 3 might be very low. For these reasons, more field works on tissue NO − 3 at the organ, stand, and species levels should be done along with source isotope analysis. The scenarios proposed above provide the first conceptual constraint for both sources and NO − 3 isotope effects in field plants. In conclusion, the concentration and isotopic analyses of NO − 3 in plant tissues together provide new insights for elucidating plant NO − 3 sources and strategies. These strategies will be valuable for exploring the communication of plant N utilization with environmental N pollution and altering ecosystem N cycles.
